Regulation of bone remodeling determines the levels of bone mass and its imbalance causes major skeletal diseases such as osteoporosis. A zinc finger protein, Schnurri-2 (SHN-2), was recently demonstrated to regulate bone morphogenetic proteindependent adipogenesis and lymphogenesis. However, the role of SHN-2 in bone is not known. Here, we investigated the effects of Shn-2 deficiency on bone metabolism and cell function in Shn-2-null mice. Lack of SHN-2 expression reduced bone remodeling by suppressing both osteoblastic bone formation and osteoclastic bone resorption activities in vivo. Shn-2 deficiency suppressed osterix and osteocalcin expression as well as in vitro mineralization. Conversely, Shn-2 overexpression enhanced osteocalcin promoter activity and bone morphogenetic protein-dependent osteoblastic differentiation. Shn-2 deficiency suppressed Nfatc1 and c-fos expression leading to reduction of tartrate-resistant acid phosphatase-positive cell development in vivo as well as in the cultures of bone marrow cells. These studies demonstrate that SHN-2 regulates the activities of critical transcription factors required for normal bone remodeling.
Adult bone is remodeled to meet continuously changing structural and metabolic requirements. To maintain bone mass, resorption by osteoclasts must be balanced by the formation of bone by osteoblasts. In bone diseases such as osteoporosis the balance between formation and resorption is lost, leading to reduced bone mass, which increases the risk of fractures (1, 2) .
Identification of molecules involved in adult bone mass determination is critical to better understand the function of such molecules and may render clues for treatment of bone diseases such as osteoporosis. Several molecules have been reported to modulate adult bone mass in mouse models. Genetic analyses of high bone mass trait in the C3H strain and Balb strain identified a mutation in ALOX15 that may be responsible for increase in adult bone mass (3) . Activating transcription factor 4 positively determines adult bone mass (4) . Deficiency of transducer of erbB2 (TOB) and cas-interacting zinc finger protein (CIZ/NMP4) results in an increase in adult bone mass (5, 6) . Loss of half the Runt-related transcription factor-2 (Runx2) 4 gene dosage causes failure in the recovery of trabecular bone mass after bone marrow ablation specifically in aged adult mice (7) . In human, suppression of Wnt inhibitor signaling molecules such as Dickkopf increases adult bone mass (8) , and loss of function mutation in sclerostin enhances adult bone volume in patients with sclerostosis (9) . These molecules mostly act on osteoblasts to modulate only one of the two arms of bone remodeling.
Drosophila Schnurri (Shn) and mammalian Shn homologues Shn-1, Shn-2, and Shn-3 are zinc finger-type molecules implicated in cell regulation of these species (10 -19) . SHN-2 was recently identified to regulate adipogenesis and lymphogenesis (20 -22) . SHN-2 binds to Smad proteins to up-regulate peroxisome proliferator-activated receptor ␥ gene expression (20) , and it is also required for positive selection of thymocytes (21) . SHN-2 competitively inhibits NF-B binding and leads to the suppression of type 2 helper T cell differentiation (22) . Recently, SHN-3, another member of the Schnurri family, was reported to suppress adult bone mass levels through RUNX2 protein degradation (23) . However, SHN-3 shares only limited homology with SHN-2 (17) .
Here, we report on Shn-2 deficiency-suppressed bone formation as well as bone resorption. Shn-2 deficiency reduced the expression levels of osteoblastic transcription factor osterix as well as osteoclastic transcriptional factors, nuclear factor of activated T cells (Nfat) c1 and c-fos. Shn-2 overexpression enhanced promoter activity of osteocalcin, which is downstream of master regulators in osteoblasts. Furthermore, Shn-2 overexpression activated bone morphogenetic protein (BMP)-induced osteoblastic differentiation. Thus, Shn-2 is a novel regulator of adult bone remodeling.
EXPERIMENTAL PROCEDURES
Animals-Shn-2 knock-out mice were described previously (21) . Male BALB/c background 12-week-old Shn-2 knock-out mice and wild type littermates (n ϭ 7) were used for the studies of bone mineral density (BMD), two-dimensional micro-computed tomography (CT), bone histomorphometric analysis, bone marrow cell cultures, and measurement of BMP-induced alkaline phosphatase (ALP) activity. For experiments on the evaluations of time course study of two-dimensional micro-CT, we used 1-, 4-, and 8-week-old Shn-2-deficient mice and wild type littermates (n ϭ 3). All the animal experiments were approved by the Animal Welfare Committee of Tokyo Medical and Dental University.
Measurement of BMD and CT Analysis of Bone-BMD was measured based on dual-energy x-ray absorptiometry (DEXA) as described previously (24) . Briefly, BMD (g/cm2) of the femora and tibia were subjected to dual x-ray absorptiometry using a device specifically designed for small animals (PIXI; GE Luner, Madison, WI). Two-dimensional CT data were collected using the Musashi system (Nittetsu-ELEX, Osaka, Japan). For the evaluation of cortical bone volume, total cortical bone area as well as cortical thickness in the midshaft was measured. Calvarial thickness and bone area were measured in the coronal section of parietal bone. For cancellous bone, bone volume/tissue volume values were evaluated using CT slices at the sagittal section of femora as well as coronal section of spine (L4) as described previously (24) .
Histomorphometric Analysis and Skeletal Preparation-Bone formation rate (BFR) in cortical and cancellous regions in femora was measured in the undecalcified section as previously described (24) . In the decalcified section, tartrate-resistant acid phosphatase-positive multinucleated cells were counted as osteoclasts to evaluate osteoclast number/bone surface and osteoclast surface/bone surface. Skeletal preparation was performed as described previously (25) . Briefly, day 3 mice skins were removed and fixed in 95% EtOH overnight and then stained Alcian blue (15 mg/100 ml in 80% EtOH) followed by alizarin red (5 mg/100 ml in 2% KOH).
RNA Extraction, cDNA Synthesis, and PCR-RNA was extracted from mouse femur, MC3T3E1 cells, and RAW264.7 cells based on the acid guanidinium thiocyanate-phenol-chloroform method. First-strand cDNA was synthesized using 1 g of the total RNA and Molony murine leukemia virus FIGURE 1. Shn-2 deficiency suppressed bone mass and bone formation activity in vivo. Cortical thickness (Co.Th) (A) and cortical area (Co.A) (B) levels in the midshaft of femur based on cross-sectional CT analysis in wild type (WT) and Shn-2-deficient (KO) mice. C, cross-sectional two-dimensional CT analysis of midshaft of femora. D, CT analysis of parietal bone. Shn-2 deficiency suppressed both thickness (E) and bone area (F) of parietal bone. G and H, bone mineral density (BMD) levels in femur (G) and tibia (H). Shn-2 deficiency suppressed the levels of cortical bone volume as well as BMD. I, mineralized surface/bone surface (MS/BS), bone mineral apposition rate (MAR), and bone formation rate (BFR) were analyzed. Shn-2 deficiency suppressed the levels of these dynamic bone formation parameters in cortical region. J and K, real-time reverse transcription PCR analysis of the levels of osterix (J) and osteocalcin (K) expression in bone. Shn-2 deficiency suppressed the expression levels of these genes. These observations indicate that Shn-2 deficiency-suppressed bone formation activity in vivo resulted in the loss of overall bone mass. *, p Ͻ 0.05. reverse transcriptase. Amplification was performed as described previously (26) .
Quantitative real-time PCR was performed using iQ SYBR Green Supermix (Bio-Rad). The quantification was done as described previously (27) . Expression values were normalized to glyceraldehyde-3-phosphate dehydrogenase. The primers for real-time reverse transcription PCR were as follows: Shn-2, forward, 5Ј-GCC GCC CAC CCT GAC TTA C-3Ј, reverse, 5Ј-CTT CTC ATC CAC ACT GCT CTT GC-3Ј; Col1a1, forward, 5Ј-CTG ACT GGA AGA GCG GAG AG-3Ј, reverse, 5Ј-GCA CAG ACG GCT GAG TAG G-3Ј; Runx2, forward, 5Ј-TGG CTT GGG TTT CAG GTT AGG G-3Ј, reverse, 5Ј-TCG GTT TCT TAG GGT CTT GGA GTG-3Ј; osterix, forward, 5Ј-AGC GAC CAC TTG AGC AAA CAT C-3Ј, reverse 5Ј-CGG CTG ATT GGC TTC TTC TTC C-3Ј; Alp, forward, 5Ј-GCT ATC TGC CTT GCC TGT ATC TG-3Ј, reverse, 5Ј-AGG TGC TTT GGG AAT CTG TGC-3Ј; Rankl, forward, 5Ј-CCT GAG GCC CAG CCA TTT-3Ј, reverse, 5Ј-CTT GGC CCA GCC TCG AT-3Ј; osteoprotegerin (Opg), forward, 5Ј-TAC CTG GAG ATC GAA TTC TGC TT-3, reverse, 5Ј-CCA TCT GGA CAT TTT TTG CAA A-3Ј; c-fos, forward, 5Ј-CCG TGT CAG GAG GCA GAG C-3Ј, reverse 5Ј-GCA GCC ATC TTA TTC CGT TCC C-3Ј; Nfatc1, forward, 5Ј-AGC CCA AGT CTC ACC ACA GG-3Ј, reverse, 5Ј-CAG CCG TCC CAA TGA ACA GC-3Ј; and glyceraldehyde-3-phosphate dehydrogenase, forward, 5Ј-AGA AGG TGG TGA AGC AGG CAT C-3Ј, reverse, 5Ј-CGA AGG TGG AAG AGT GGG AGT TG-3Ј.
Cells-Primary osteoblasts were obtained from the outgrowth cultures of bone fragments of calvariae taken from wild type and Shn-2-deficient mice. These cells were used for measurement of BMP-induced ALP activity. Bone marrow cells were flushed out after the proximal epiphyseal ends were removed from right tibiae of wild type and Shn-2-deficient mice and used for mineralized nodule formation assay and osteoclast development. Osteoclastogenesis was examined both in bone marrow cells and splenocytes obtained from wild type and Shn-2-deficient mice. The MC3T3E1 osteoblastic cell line was obtained from RIKEN (Saitama, Japan). These cells were used for experiments of real-time PCR, overexpression of Shn-2, and luciferase assays. The RAW264.7 cell line was purchased from the Dainippon Pharmaceutical Co., Ltd. and maintained with Dulbecco's modified Eagle's medium containing 10% fetal bovine serum. These cells were used for experiment of RANKL (100 ng/ml)-induced Shn-2 mRNA expression.
Bone Marrow Cultures-Marrow cells were plated in 24-well plates (2.0 cm 2 /well) at a density of 2 ϫ 10 6 cells/well. Tartrateresistant acid phosphatase-positive osteoclast-like multinucleated cells were formed in ␣-minimal essential medium supplemented with 10% fetal bovine serum, 100 g/ml antibiotics-antimycotics mixture, 10 nM 1.25(OH) 2 vitamin D 3 , and 100 nM dexamethasone. The medium was changed every 3-4 days. For mineralized nodule formation, bone marrow cells were cultured in a standard growth medium containing 50 g/ml ascorbic acid and 10 mM sodium ␤-glycerophosphate. The medium was changed every 3-4 days. The cultures were stained in a saturated solution of alizarin red on day 21. The area of mineralized nodules/total dish surface was measured by using the Luzex-F automated image analyzer (Nireco).
Measurement of ALP Activity-ALP activity measurement was made in primary osteoblasts by using p-nitrophenyl phosphate as substrate (28) . These cells were maintained in ␣-minimal essential medium. Cell differentiation was induced by treatment with 100 ng/ml rhBMP-2 in a standard growth medium.
Transfections and Reporter Assays-MC3T3E1 cells (1 ϫ 10 5 cells/ well in six-well tissue culture plates) were transfected with various combinations of the following plasmids using the FuGENE 6 transfection reagent: reporter constructs (12ϫGCCG/luciferase, 1.1 kb osteocalcin-gene-2/luciferase), Shn-2 expression vector, and empty vector as a control. After 24 -72 h of incubation, cell extracts were prepared and used to measure luciferase activity based on the Dual Luciferase TM reporter assay system (Promega), and the values were normalized against the efficiency of transfection using the same system. Both firefly and Renilla luciferase activities were measured by AutoLumat (LB953; EG & G Brethhold).
Osteoclastogenesis in Stromal Cellfree Condition-Lymphocytes and monocytes were obtained from spleen by using Lympholite-M (Cedarlane) according to the manufacturer's protocol. These cells were cultured for 12 h with 5 ng/ml macrophage colony-stimulating factor (M-CSF), and nonadherent cells were further cultured in the presence of 30 ng/ml M-CSF for 3 days. RANKL (100 ng/ml) was added with 30 ng/ml M-CSF, and tartrate-resistant acid phosphatase-positive multinucleated cells were counted as osteoclasts.
Statistical Evaluations-The results were presented as mean values Ϯ S.D. Statistical analysis was performed by Student's t test to evaluate differences between the two groups. Analysis of variance was performed when the examined experimental groups exceeded three groups. Tukey's multiple comparison test was applied as post hoc test. p values Ͻ0.05 were considered to be statistically significant. 3. Cancellous bone volume was increased in Shn-2-deficient mice after 8 weeks in association with suppression in bone resorption activity. A, saggital section of two-dimensional micro-CT images of distal end of femora at indicated ages and coronal section of lumbar spine at 12 weeks old. B, time course analysis of bone volume/tissue volume of secondary trabecular bone in WT and KO mice. In 1-week-old mice, secondary trabecular bones were barely detectable in micro-CT analysis. Trabecular bone volume was higher in Shn-2-deficient mice than wild type after 8 weeks. C, Shn-2 deficiency suppressed dynamic bone formation parameters similarly to the suppression seen in cortical bone (Fig. 1I) . D, Trabecular bone volume of lumbar spine at 12 weeks old. E, tartrateresistant acid phosphatas staining of the decalcified sections at the proximal ends of the tibiae in WT and KO mice. Scale bar, 100 m. Osteoclast number/BS (F) and osteoclast surface/BS (G) were measured as described under "Experimental Procedures." Shn-2 deficiency suppressed both osteoclast number/BS and osteoclast surface/BS levels.
RESULTS
Cortical bone is the major component of adult bone mass. Shn-2 deficiency reduced cortical bone mass with respect to the levels of cortical thickness and cortical bone area in femora (Fig.  1 , A-C) and in calvarial bone (Fig. 1, D and F) . Because the size and length of femur of Shn-2-deficient mice were smaller than wild type (21), we also evaluated the values of cortical thickness and cortical area normalized against those of femur length and found that Shn-2 deficiency reduced cortical bone parameters after normalization as well (data not shown). This observation was further supported by reduction in BMD in Shn-2-deficient mice (Fig. 1, G and H) . Thus, Shn-2 deficiency reduced total bone mass.
With respect to dynamic parameters, Shn-2 deficiency suppressed the levels of BFR as well as mineral apposition rate (MAR) and mineralizing surface (MS/BS) in the periosteal regions of cortical bone (Fig. 1I ). These observations indicated that SHN-2 is required for the activities of individual osteoblastic cells (mineral apposition rate) as well as the mineralizing surface (MS/BS) to maintain BFR. We also counted osteoblast number as defined by Parfitt et al. (29) because MS/BS represent osteoblast surface but do not represent the number of osteoblast. Although Shn-2 deficiency tended to suppress the number of osteoblast, it was not statistically significant (data not shown). Molecular bases for such Shn-2 deficiency phenotype in bone mass were further examined based on mRNA expression levels in whole bone in vivo. Messenger RNA expression levels of osteoblastic phenotype-related genes such as osterix and osteocalcin were suppressed in the bones of the Shn-2-deficient mice (Fig. 1, J and K) . Expression of other maker genes, including Col1a1, Runx2, and Alp, tended to be decreased in Shn-2-deficient mice though they were not statistically significant. Therefore, Shn-2 deficiency suppressed bone formation activity in vivo at the messenger RNA levels.
We examined the bones of mice at younger stages, including the time points of 1, 4, and 8 weeks after birth. Although overall contour of the cortical bone in the cross-section of the midshaft was similar ( Fig. 2A) , cortical bone volume (Fig. 2B ) and cortical thickness (Fig. 2C) were less in Shn-2-deficient mice compared with wild type 1 week after birth; this reduction was similarly observed in 4-, 8-, and 12-week-old mice (Fig. 2, A-C) . In younger mice such as 3 days old, examination of skeletal preparation did not reveal major defects (Fig. 2D) . Thus, SHN-2 is required for the regulation of osteoblasts.
Although Shn-2 deficiency resulted in overall reduction in the levels of parameters in bone mass as represented by the data in whole limb bone BMD (Fig. 1, G and H) , there was a regionally and temporally limited mild increase in bone volume/tissue volume in the cancellous bone envelope in the metaphysis of Shn-2-deficient mice (Fig. 3A) . This phenotype was limited to 8-and 12-week-old mice and was not observed in 4-week-old mice (Fig. 3, A and B) . These data indicated that Shn-2 deficiency reduced bone mass (including cortical and cancellous) after mice were 1 week old. However, they were associated with regional (limited to metaphyseal region) cancellous bone increase at the adult stage (8 and 12 weeks). RNA was extracted at the indicated time points. Expression levels of Col1a1, Runx2, osterix, Alp, and Shn-2 were estimated based on real-time PCR system. Expression levels of genes related to osteoblastic phenotypes were gradually increased in these cells. Expression level of Shn-2 was enhanced in these cells up to day 4 and kept at similar expression level up to day 21.
To further elucidate this point, in addition to cortical bone we conducted analyses on the dynamic bone formation parameters in cancellous bone envelope. The data revealed that Shn-2 deficiency suppressed the levels of cancellous MS/BS, mineral apposition rate, and BFR (Fig. 3C) , consistent with the observation on these parameters in cortical bone (Fig. 1I) . Although Shn-2 deficiency suppressed bone formation activities in cancellous bone, trabecular bone volume was increased in the metaphysis of long bone. To see whether this phenotype was restricted to long bone or not, we also evaluated trabecular bone volume in spine. Trabecular bone volume at the lumbar spine also increased in 12-week-old Shn-2-deficient mice compared with wild type (Fig. 3, A and D) . Previously reported animal models, such as mice deficient in SHN-3, TOB, and CIZ, only revealed osteoblastic phenotype, but not osteoclastic phenotype (5, 23, 30) . In contrast to these previous models, Shn-2 mutation "suppressed" bone resorption parameters, including osteoclast number/BS and osteoclast surface/BS levels (Fig. 3, E and G) . Thus, Shn-2 deficiency has a unique feature in that it causes reduction in both osteoblastic and osteoclastic activities in vivo to lead to low turnover state in bone.
To better understand how SHN-2 acts in cells, we examined Shn-2 expression in osteoblastic cells. We tested whether SHN-2 is functionally involved in the differentiation of osteoblastic cells using bone marrow cells of the wild type and Shn-2-deficient mice. Shn-2 deficiency suppressed the levels of mineralized nodule formation in bone marrow cells cultured in the presence of ␤-glycerophosphate and ascorbic acid (Fig. 4,  A and B) . During the differentiation of osteoblasts in these bone marrow cell cultures, BMP signaling was reported to play a critical role (31, 32) . Therefore, we examined SHN-2 involvement in BMP signaling. For those experiments, we prepared cells outgrown from the explants of minced calvarial bones. The basal levels of ALP in these wild type and Shn-2-deficient cells derived from the calvaria were similar (Fig. 4C,  lane 1 versus 3) . BMP-2 enhanced ALP activity ϳ3-fold in wild type cells, whereas Shn-2 deficiency suppressed this BMP effect on ALP down to 2-fold (Fig. 4C , lane 2 versus 4; p Ͻ 0.05). To further examine Shn-2 expression in osteoblastic cell line, we examined MC3T3E1 cells. Shn-2 mRNA was expressed in osteoblastic MC3T3E1 cells (Fig.  5A) . During the cultures of MC3T3E1 cells, Shn-2 mRNA levels increased ϳ2.5-fold within 4 days in culture along with the increase in the expression levels of alkaline phosphatase (Fig. 5B, Alp) . After day 4 in culture, Shn-2 mRNA levels stayed at steadily high levels, whereas the mRNA levels of osteoblastic differentiation marker genes, such as Alp, Runx2, osterix, and type I collagen (Col1a1) gradually increased up to day 21 (Fig. 5B) . Therefore, Shn-2 expression levels were increased along with maturation of osteoblasts during the early differentiation stage.
Shn-2 overexpression in osteoblastic cell line MC3T3E1 promoted BMP-2 enhancement in the expression levels of Alp, osterix, and Runx2 mRNAs (Fig. 6, A-C) . These data revealed that SHN-2 is a positive regulator of osteoblastic differentiation, which acts at least in part by modulating BMP actions in these cells.
To examine the mode of SHN-2 modulation of BMP signaling, BMP-induced transcriptional events were studied. Shn-2 overexpression by itself enhanced ϳ3-fold the expression of luciferase reporter gene linked to the BMP response elements, 12 ϫ GCCG, in MC3T3E1 cells (Fig. 6D, lane 1 versus 3) . This enhancement was similar to that observed in the cells receiving BMP treatment alone (Fig. 6D, lane 2 versus 3) . Under this condition, Shn-2 overexpression enhanced luciferase levels ϳ2-fold more than those observed in the BMP-induced transcriptional activation (Fig. 6D, lane 2 versus 4) .
To see whether SHN-2 affects transcription of authentic promoter of gene encoding osteoblastic phenotype, a 1.1-kb osteo-FIGURE 6. Shn-2 overexpression enhanced osteoblastic differentiation. MC3T3E1 cells were transfected with empty or Shn-2 expression vector and expression levels of Alp (A), osterix (B), and Runx2 (C) mRNA were measured after 48 h of incubation in the presence or absence of rhBMP-2. D, a luciferase reporter gene containing concatameric Smad1-dependent BMP response elements (12 ϫ GCCG) and Shn-2 expression vector were co-transfected into MC3T3E1 osteoblastic cells, which were subsequently exposed to rhBMP-2 (200 ng/ml) for 2 days. E, luciferase activity of 1.1 kb mouse osteocalcin gene in MC3T3E1 cells. Shn-2 overexpression enhanced authentic promoter of mouse osteocalcin gene.
calcin promoter construct was transfected into MC3T3E1 cells. Overexpression of Shn-2 enhanced the activity of osteocalcin promoter (Fig. 6E ). These observations indicate that SHN-2 enhances bone formation and osteoblastic differentiation at least in part through its action on transcriptional events that are involved in osteoblastic differentiation.
Shn-2-deficient mice exhibited in vivo osteoclastic phenotype in bone whereas Shn-3-deficient mice did not (23) . We therefore pursued the mode of this SHN-2 action in osteoclastogenesis. Bone marrow cells were cultured in the presence of vitamin D 3 and dexamethasone. Shn-2 deficiency suppressed the development of osteoclasts in the bone marrow cell culture (Fig. 7, A and B) . As bone marrow cell cultures contain both stromal cells and progenitor cells for osteoclasts, we wished to test whether SHN-2 contributes to osteoclastogenesis in progenitor cells. For this purpose, spleen cells, which contain osteoclast progenitors but less stromal cells, were subjected to osteoclastogenesis assay in cultures in the presence of M-CSF and soluble receptor activator of NF-B ligand (RANKL). Shn-2 deficiency in spleen cells reduced the development of osteoclasts in culture (Fig. 7C) . These data revealed that SHN-2 acts as an endogenous modulator to support osteoclastogenesis. With regard to osteoclast function, Shn-2-deficient cells could form an actin ring and resorb dentin slice (data not shown), suggesting that absence of SHN-2 impaired in RANKLdependent osteoclast development but not function. To examine Shn-2 expression during osteoclastic cell differentiation, RAW264.7 cells were treated with RANKL. RAW264.7 cells differentiated into tartrate-resistant acid phosphatase-positive multinucleated cells in the presence of RANKL without M-CSF as reported previously (33) . Therefore, the effects of RANKL alone could be observed in these cells. Shn-2 mRNA expression levels in RAW264.7 cells were enhanced by RANKL treatment (Fig. 7D) . Thus, Shn-2 expression is under the control of RANKL signaling, and at the same time it is supporting osteoclast development.
Shn-2 deficiency suppressed the function of osteoblast, which is the main source of RANKL and OPG. Impaired osteoclastogenesis in Shn-2 deficiency would be caused by the suppression of the induction of RANKL by osteoblasts. Thus, we analyzed expression levels of Rankl as well as Opg in bone. We found that Rankl expression levels were enhanced by Shn-2 deficiency (Fig. 8A) , whereas expression levels of Opg tended to decrease in Shn-2 deficiency without statistical significance (Fig. 8B) . Rankl/Opg ratio significantly increased in Shn-2-deficient mice (Fig. 8C) . Therefore, impaired osteoclastogenesis in Shn-2 deficiency occurred despite the elevated Rankl.
Because osteoclastogenesis is under the control of RANKL signaling, we analyzed expression levels of the genes downstream of this signaling. Expression level of c-fos was decreased in the bones of Shn-2-deficient mice (Fig. 8D) . Because c-fosdeficient mice were reported to exhibit severe osteopetrosis due to impaired osteoclastogenesis (34) and c-fos targets NFATc1 (35, 36) , we also examined the expression level of Nfatc1. Expression levels of Nfatc1 were decreased in the bones of Shn-2-deficient mice (Fig. 8E) . These results suggest that SHN-2 is involved in the RANKL-induced signals to promote osteoclast development. Although the interactions between RANKL and BMP on osteoclastogenesis remain unclear, BMP has been recently reported to positively regulate osteoclastic activities in vivo (37) . Our preliminary data also indicated that BMP treatment enhanced RANKL-induced osteoclastogenesis in wild type spleen cells, whereas such BMP enhancement in osteoclastogenesis was suppressed in Shn-2-deficient cells.
DISCUSSION
We report here that SHN-2 is a novel transcriptional regulator of bone cell function and bone mass. Shn-2 deficiency caused reduction in whole bone BMD in vivo and suppressed bone formation as well as bone resorption parameters. Thus, SHN-2 plays a role in both arms of bone metabolism involved in bone turnover and remodeling. Shn-2 deficiency resulted in reduction in osterix and downstream osteocalcin gene expression. We also found that overexpression of Shn-2 enhanced the levels of this gene. Thus, SHN-2 would be a modulator of at least one of the two master regulatory molecules of osteoblastic differentiation, osterix. Overexpression experiments indicated that SHN-2 by itself enhanced BMP response element-dependent transcription, possibly due to the enhancement of endogenous BMP. This SHN-2 action was observed to be augmented in the case of the simultaneous presence of exogenously added BMP. Furthermore, even in the absence of BMP, SHN-2 alone enhanced the osteocalcin gene in the 1.1-kb promoter, indicating that SHN-2 is acting on the gene either alone or in combination with the endogenous BMP signaling. We also observed that in the absence of SHN-2, suppression of osterix in bone was observed. However, Runx2 suppression was not obvious, suggesting that SHN-2 may act to modulate the function of osteoblastic master regulatory molecules more at the stages of osterix action that is downstream to the RUNX2 action. As it is obvious that SHN-2 per se is dispensable for osteoblastic differentiation, the importance of SHN-2 activity is to modify the levels of differentiation in osteoblastic cell lineages.
Shn-2 deficiency decreased the length of long bone (data not shown) as well as the body weight (20, 21) . However, the reason why Shn-2 deficiency causes short stature remains unclear. In growth plate, the columnar structures and primary spongiosa appeared normal. As Shn-2 deficiency slightly increased the length of growth plate, Shn-2 deficiency may result in failure to remodel calcified cartilage.
As observed in in vivo analyses, one of the important points in SHN-2 actions is to regulate both osteoclastic and osteoblastic cells. Molecular analyses of osteoclastic activities indicated that deficiency of Shn-2 per se suppressed c-fos and Nfatc1 expression levels in vivo. In the presence of RANKL, Shn-2 enhanced the levels of osteoclastic differentiation in RAW264.7 cells and also the promoter activity of Nfatc1 (data not shown). Therefore, in osteoclastic differentiation SHN-2 would again be a transcriptional modulator of the promoter of Nfatc1, possibly by working together with other transcriptional factors or modulators such as NFATc1 by itself.
Bone formation and bone resorption would be often regulated simultaneously in the same direction (2, 38, 39) , called coupling. Such a coupling event is important for the body to maintain bone mass. For instance, enhancement of bone formation in the event of loss of bone due to the increase in bone resorption would benefit the maintenance of bone mass (39, 40) . Although understanding the mechanisms of this coupling is important, molecular bases for these coupling phenomena have not yet been fully elucidated (34, 36, 41) . Compensatory mechanisms would provide for repair of lost bone to resume bone mass level under physiological conditions. However, in the case of postmenopausal osteoporosis, enhancement in bone resorption exceeds that of bone formation to end up with eventual bone loss (1, 36) . As SHN-2 acts positively in both bone formation and resorption, this molecule plays a role at least in part to support the coupling events during the remodeling cycle to maintain adult bone mass. Our preliminary experiments of co-culture assays using osteoblasts and spleen cells from wild type and Shn-2-deficient mice revealed that Shn-2 deficiency in both osteoblasts and osteoclasts suppressed osteoclastogenesis (data not shown). This observation supported that SHN-2 plays a role in both osteoblasts and osteoclast to support osteoclastogenesis.
Shn-2 deficiency has been reported to suppress adipogenesis by reducing the BMP signaling in fat tissue (20) and lymphogenesis by suppressing conversion from the double positive thymocytes into single positive cells, respectively (21, 22) . BMP has been recently reported to positively regulate osteoclastic activities in vivo (37) and also has been implicated in regulation of immune cells (42) . Our observations on SHN-2 action in bone coincides with these notions on the close relationship between bone, fat, and immune system although a direct relationship among those still needs to be elucidated.
It is intriguing to note those mice deficient in Shn-2 and those deficient in Shn-3 exhibit opposite phenotypes, i.e. osteopenia versus osteosclerosis, respectively (23) . In addition, Shn-2-deficient mice revealed osteoclastic phenotype whereas Shn-3-deficient mice did not. Although zinc finger motifs are present in both molecules, overall homology is relatively low (Ͻ30%) (17) . These features suggest that the two molecules would not compensate each other but rather they would be required for distinct functions in the regulation of bone metabolism.
In conclusion, SHN-2 is a novel regulator of bone cells that plays a role in the maintenance of the bone mass, acting via positive regulation of transcription factors required for the functions of osteoblasts and osteoclasts.
